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Abstract
Inducing electrostatic doping in 2D materials by laser exposure (photodoping effect)
is an exciting route to tune optoelectronic phenomena. However, there is a lack of in-
vestigation concerning in what respect the action of photodoping in optoelectronic de-
vices is local. Here, we employ scanning photocurrent microscopy (SPCM) techniques
to investigate how a permanent photodoping modulates the photocurrent generation
in MoS2 transistors locally. We claim that the photodoping fills the electronic states
in MoS2 conduction band, preventing the photon-absorption and the photocurrent
generation by the MoS2 sheet. Moreover, by comparing the persistent photocurrent
(PPC) generation of MoS2 on top of different substrates, we elucidate that the inter-
face between the material used for the gate and the insulator (gate-insulator interface)
is essential for the photodoping generation. Our work gives a step forward to the
understanding of the photodoping effect in MoS2 transistors and the implementation
of such an effect in integrated devices.
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Introduction
Two-dimensional (2D) materials are strategically important for optoelectronic applica-
tions due to their ultra-thin nature and tunable electrostatic and optical properties [1–12].
Among all layered materials [13], the vast family of the transition metal dichalcogenides
(TMDCs) has particular significance because many of these materials are direct band gap 2D
semiconductors in the monolayer form [2], bringing light to interesting valleytronic properties
[9–11], high photoluminescence emission [14], and high photocurrent response [3–7]. Fur-
thermore, many paths have been proposed to tune the optoelectronic properties of TMDCs,
including strain engineering [15–17], electric and magnetic fields applications [18, 19], and
more recently integrating TMDC monolayers in twisted heterostructures [20, 21]. In spe-
cial, using laser exposure to modulate the density of charge in 2D materials, also called
by photodoping effect, has emerged as a convenient way to engineer optoelectronic devices
[8, 12, 22–33]. For instance, photodoping has been used to generate p-n junctions in graphene
[29], for applications in photovoltaics using WSe2 [33], to enhance the optoelectronic perfor-
mance of WS2 [27], to demonstrate a gate-tunable photomemory effect [8], and to propose
alternative optical memory devices [12, 32–34]. However, there is a lack of information
regarding how photodoping modifies TMDCs in a locally and controllable fashion.
Here we investigate the local modification of MoS2 photocurrent due to the photodoping
effect in a monolayer MoS2 on top of SiO2/Si transistor. We demonstrate photodoping as
high as ∆nph = 8.5× 1012 cm−2 in MoS2 just by laser exposure and gate-voltage applications.
Also, temporal analysis of the photodoping suggests that it is a permanent doping, retaining
up to 77 % of the initial photodoping. Besides, we use a scanning photocurrent microscopy
setup (SPCM) that gives information about the photodoping effect with a resolution limited
by the spot area of the laser (approximately 1 µm2 in our setup). Then, we show that the
photodoping is a local effect and inhibits photocurrent in specific local regions of monolayer
MoS2. Finally, we study the persistent photocurrent (PPC) in the MoS2 sheet placed in
different substrates, and we point out that the gate-insulator interface is crucial for the
photodoping generation. In summary, our work expands the possibilities of controlling the
optoelectronic properties of 2D materials.
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Results and Discussion
Fig. 1(a) shows a sketch of the device that we study in this work. The device is a
MoS2 field-effect transistor (FET) composed of a monolayer MoS2 on a SiO2/Si substrate,
where we use a highly n-type doped Si wafer as a back gate terminal [35]. We do all the
measurements in a vacuum (P ≈ 10−6 mbar) and at room temperature. Fig. 1(b) shows
a map of the intensity of the MoS2 photoluminescence centered in λ = 680 nm and with
an excitation wavelength of λ = 457 nm, demonstrating that the monolayer MoS2 sheet is
uniform. To measure the photodoping, we compare transfer curves, current (ISD) vs back
gate voltage (VBG) curves, before and after the laser exposure, see Fig. 1(c).
In blue, Fig. 1(c), we plot a transfer curve before the laser exposure. We estimate
the threshold voltage (Vth) as V 0th = −14 V by extrapolating the ISD curve. Then, we
expose the MoS2 device to the laser λ = 488 nm with VBG = −50 V until the photocurrent
saturates. Next, we turn the laser off and repeat the measurement to evaluate the transfer
curve. The data from the transfer curve after the laser exposure (red curve in Fig. 1(c))
exhibits a significant increase of ISD for all applied gate conditions. A shift of Vth in the
experiment causes the increasing behavior of ISD, a signature of photodoping effect [8, 29].
Hence, the photodoping effect is a consequence of a change on the density of free charges
of MoS2 promoted by the laser exposure. We estimate that the initial V 0th = −14 V shifts
to V Lth = −127 V after laser exposure, see Fig. 1(c), resulting in a change in the density of
charge of MoS2 of ∆nph = 8.5× 1012 cm−2, which is evaluated using the equation:
∆nph =
ε0εox
e d
(V Lth − V0th) (1)
where εox and d are the dielectric constant of the insulator and its thickness, respectively.
Note that such extra doping is obtained simply by the combination of laser exposure and
the applied gate bias.
To exploit the photodoping effect in robust integrated devices, they must hold the
photodoping for long periods [32]. To assess this issue, we measure the MoS2 photodoping
time dependency, see the black dots in Fig. 1(d). In this case, we evaluate the photodoping
by measuring the MoS2 photocurrent applying VSD = 1 V and VBG = 0 V, and using for-
mula ∆nph = ∆σph/eµ, where ∆σph is the photoconductance and µ is the mobility of the
device. We measure the decay of the photodoping following the saturation of the photocur-
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FIG. 1. Photodoping in MoS2. (a), sketch of theMoS2 FET. (b), normalized photoluminescence
image from the integrated area of the intensity of the maximum photoluminescence peak of MoS2.
This measurement is done with a 457 nm laser, 1 µm spot size and power density of 340 µW/µm2.
(c), the ISD vs VBG measurements before (blue) and after (red) the laser exposure, VSD = 1V.
The red curve is measured after the 488 nm laser exposure with a power density of 700 µW/µm2
and VBG = −50V until photocurrent saturation. (d), photocurrent decay after the photodoping
induced by the 488 nm laser with a power density of 700 µW/µm2 until photocurrent saturation.
The parameters VBG = 0V and VSD = 1V are used for this measurement.
rent by laser exposure. After 15 h, the photodoping barely decreases, suggesting that the
photodoping effect is permanent. To provide an estimative for the photodoping loss over a
long period, we employ an exponential decay fit, the red line in Fig. 1(d). From the fitting,
we predict that the reminiscent photodoping is approximately 77% of its initial value. Thus,
the devices can retain 77% of the charge induced by the laser permanently, which is ideal
for their integration in optoelectronic circuits.
We now show that the photodoping is a local effect by the spatial control of the photocur-
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rent generation in MoS2, see Fig. 2. To visualize the spatial distribution of photodoping, we
use an SPCM setup. SPCM is a useful tool to investigate local optoelectronic effects and
have been used to elucidate the photocurrent in MoS2 [36], to observe photothermoelectric
effect in both graphene and MoS2 [37, 38] and to image a p-n junction in graphene [29].
The photodoping generation is a relatively slow process because the laser induces typical
dopings of ∆nph ≈ 1012 cm−2 after an exposure time of 10 s in a single point [8]. On the
other hand, the SPCM measures photocurrents with fast response time (≈ ms) solely. We
support this statement on the SPCM setup, where the laser intensity is modulated at 3 kHz
with an optical chopper, generating an alternating photocurrent signal in MoS2. Subse-
quently, a lock-in, synchronized with the chopper, filters this alternating signal, preventing
the observation of photocurrents with a response time higher than ≈ ms. Hence, the SPCM
does not measure the photodoping, which is a slow process, directly. What we observe in an
SPCM image is predominantly the photocurrent due to the generation of electron-hole pairs
in MoS2, which have a typical photocurrent response time of ≈ ms [36, 39]. However, we
show that we can distinguish photodoping in SPCM images indirectly, see Fig. 2. Fig. 2(a)
shows a SPCM measurement for the MoS2 device using a 561 nm (2.2 eV) laser with a power
density of 100µW/µm2. A gate voltage of −70 V is applied in MoS2 while the measurement
is performed to ensure that the sample is almost depleted of charges.
During the SPCM measurement, the laser dwells at each point for small periods (τ ≈
500 ms), which generates a small (∆nph ≈ 1011 cm−2) photodoping in the whole sample. To
prevent distortions in the SPCM images due to the small photodoping generation during the
SPCM measurement, we normalize all the measurements of Fig. 2 with the photocurrent
from the region indicated by the arrow. We show in Fig. 2(b) the band structure near
the band edges for the delineated region by the dashed circle (see Fig. 2(a)) in order to
understand the physical mechanism of the photocurrent generation in Fig. 2(a). Since
the sample is almost depleted with charges, the sample absorbs some photons that excite
electrons from the valence to the conduction band generating an excess of carriers [5, 36].
Afterward, the photogenerated excess of carriers becomes a photocurrent by the applied bias
[5, 36]. Indeed, the photocurrent is generated throughout the sample, see Fig. 2(a), but
higher values are attained close to the contact interface due to Schottky electric field [36].
After measuring the photocurrent spatially, we expose the delimited area (dashed circle)
in Fig. 2(a) with the 561 nm laser with a power density of 1000 µW/µm2 and VBG = −50 V
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FIG. 2. Spatial control of the photocurrent. (a), scanning photocurrent microscopy measure-
ment for the MoS2/SiO2 sample. The excitation laser wavelength is 561 nm with a power density of
100 µW/µm2. In this measurement we use VBG = −70V and VSD = 1V. (b), the band structure
of the region inside the dashed circle in panel (a). (c), SPCM measurement from the same region
and conditions as in (a), but after exposing the region inside the dashed circle in panel (a) with
the λ = 561 nm laser, power density of 1000 µW/µm2 and VBG = −50V for five minutes. (d), the
band structure of the region inside the dashed circle in panel (c). Scale bar is 4 µm.
for five minutes to ensure that a photodoping is generated. After that, we repeat the
SPCM measurement with the same parameters used in Fig. 2(a), and suppression of the
photocurrent occurs in the exposed region, as shown in Fig. 2(c). We explain this local
effect qualitatively via a photodoping process. Fig. 2(d) depicts the band diagram of MoS2
in the dashed circle area that shows why the photocurrent is suppressed. After inducing the
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photodoping in the dashed area, the states in the conduction band are filled, which limits the
photoexcitation of electron-hole pairs [3]. Thus, there is a suppression of the photocurrent
in the exposed area (see Fig. 2(c)), indicating that the photodoping effect controls locally
the photocurrent in the MoS2 channel.
Now, we show that interactions with the gate-insulator interface impact the photodop-
ing generation process. We propose in reference [8] a model that claims the physics of the
photodoping effect is contained mostly in the gate-insulator interface. As the gate-insulator
interface is crucial for the photodoping generation [8], we predict that devices that do not
have a gate-insulator interface do not generate photodoping. To evaluate this point experi-
mentally, we compare the photodoping generation of two devices, with and without a gate
terminal, keeping the same insulator as the substrate, see Fig. 3. The simplest way to
prepare these devices is by using a standard MoS2 FET on a SiO2/Si substrate (SiO2/Si
device), and by using a MoS2 sample on top of glass (SiO2 device). So, the first device
has a gate electrode, whereas the second one does not, while both have the same insulator
substrate (SiO2). Fig. 3(a) shows a ISD vs Time curve of the SiO2/Si device, and in the
inset we show a sketch of this device. In Fig. 3(a), we initially measure the current of the
device in dark conditions, then we turn the laser on (λ = 488 nm) for approximately 25 s.
By analyzing the time dependence of current (Fig. 3(a)), we point out two optical
processes that are generating the photocurrent in the MoS2 channel, see Fig. 3(a). First,
we observe a rapid enhance of ISD due to excitation of electron-hole pairs (see vertical red
arrow), followed by a second and slow process that keeps increasing the photocurrent with
time. A similar trend, but with decreasing photocurrent occurs when the laser is turned off,
there is a fast reduction of ISD, due to the recombination of electron-hole pairs, succeed by
a slow decay process that leads to a PPC. In reference [8], we argued that the photodoping
effect causes the PPC, and here we show experimentally that the gate-insulator interface
is essential for the photodoping generation. To elaborate on this issue, we analyze the
photocurrent generation in the SiO2 device. Fig. 3(b) shows an ISD vs Time curve of the
SiO2 device, while the inset shows a sketch of this device. In contrast to the response of
the SiO2/Si device, the SiO2 device presents a very sharp and fast response. Thus, the
SiO2 device, which does not have a gate-insulator interface, presents negligible PPC. So, the
choice of the substrate interface in a MoS2 device is decisive to the observation of a PPC,
as reported in previous experiments [40].
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FIG. 3. Photodoping and the gate-insulator interface. (a), time-resolved photocurrent for
the SiO2/Si device, VBG= 0V. In the inset, sketch of the SiO2/Si device. (b), time-resolved
photocurrent for the SiO2 device. In the inset, sketch of the SiO2 device. In both measurements
we use a 488 nm laser with a power density of 60 µW/µm2.
Conclusion
In conclusion, we showed that a high permanent photodoping could be attained in MoS2
transistors only by laser exposure and applied gate voltage. We used an SPCM setup to
demonstrate that the photodoping effect controls the photocurrent generation spatially in
the MoS2 transistor. Moreover, we showed that the photodoping mechanism is only present
in devices with a gate-insulator interface. Therefore our work opens up possibilities to use
the local photodoping in novel optoelectronic devices and to engineer the gate-insulator
interface in order to control the photodoping mechanism.
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Methods
Device Fabrication. The SiO2/Si device was obtained from direct exfoliation of MoS2
on a Si wafer with a 285 nm thick silicon oxide. Metal leads were patterned by electron-beam
lithography and subsequent deposition of metals (Au 50 nm). The si device was obtained
by depositing the metals firt (Cr 1 nm/Au 50 nm) on a glass substrate. Then MoS2 flakes
were transferred to this structure by dry viscoelastic stamping technique [41].
Optoelectronic Measurements. To provide a source-drain bias the external DC source
of a standard lock-in amplifier (SR830) was used. While to provide a gate bias a Keithley
2400 were used. The current of the devices was collected by a pre-amplifier and then mea-
sured by a multimeter (Keithley 2000). To generate the photocurrent in the MoS2 FET a
488 nm laser beam was focused in the devices by a 50× objective lens (∼ 1µm spotsize). For
SPCM measurements, a 561 nm laser beam was directed to a chopper working at 3000 Hz
and then focused on the device by a 50× objective lens. The MoS2 alternate photocurrent
was collected by the pre-amplifier and the signal was measured by the lock-in amplifier
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